Morphology control enables thickness-insensitive efficient nonfullerene polymer solar cells by Liu, X et al.
Lawrence Berkeley National Laboratory
Recent Work
Title
Morphology control enables thickness-insensitive efficient nonfullerene polymer solar 
cells
Permalink
https://escholarship.org/uc/item/033254q2
Journal
Materials Chemistry Frontiers, 1(10)
ISSN
2052-1537
Authors
Liu, X
Ye, L
Zhao, W
et al.
Publication Date
2017-10-01
DOI
10.1039/c7qm00182g
 
Peer reviewed
eScholarship.org Powered by the California Digital Library
University of California
MATERIALS CHEMISTRY FRONTIERS  
ARTICLE 
This journal is © The Royal Society of Chemistry 20xx J. Name., 2017, 00, 1-3 | 1  
Please do not adjust margins 
Please do not adjust margins 
Received 00th January 20xx, 
Accepted 00th January 20xx 
DOI: 10.1039/x0xx00000x 
www.rsc.org/ 
Morphology Control Enables Thickness-insensitive Efficient 
Nonfullerene Polymer Solar Cells 
Xiaoyu Liu,ab Long Ye,*c Wenchao Zhao,b Shaoqing Zhang,*a Sunsun Li,b Gregory M. Sud, Cheng 
Wangd, Harald Ade*c and Jianhui Hou*b 
Owing to the use of cost-effective materials and excellent stability, nonfullerene polymer solar cells (PSCs) have great 
potential for realizing large-area industrial production. In contrast to fullerene-based devices, non-fullerene PSCs have 
exhibited superior photovoltaic performance with up to 12% efficiency and long-term thermal stability. Presently, one of 
the major factors hindering industrial production is the high sensitivity of the power conversion efficiency (PCE) to thickness 
variations, which can significantly affect the manufacturing yields and production costs of roll-to-roll processing. Specifically, 
the device fill factors and PCEs of many high-efficiency nonfullerene PSCs show a significant loss when the thickness of the 
active layer is over 100 nm. In order to achieve high output capabilities earlier, there is an urgent need for finding a 
processing method to fabricate high-efficiency thick-film nonfullerene PSCs. Controling the morphology and performance 
sensitivity in thick-film non-fullerene devices is a great challenge in the field. Here, we present a simple morphology 
optimization method via thermal annealing to fabricate highly efficient thickness-insensitive non-fullerene PSCs. After this 
treatment, PBDB-T/IT-M-based nonfullerene PSCs can afford an impressive PCE up to ~9.4% at an active layer thickness of 
250 nm. In addition, the devices with an active layer thickness of 400 nm still maintain high efficiency close to 9%. The 
photovoltaic properties and morphology parameters resolved from hard and soft X-ray scattering clearly indicate that 
thermal annealing plays a key role in improving film thickness insensitivity for non-fullerene PSCs.
Introduction 
Solution-processed bulk-heterojunction (BHJ) organic solar cells have 
attracted increased attention in recent years due to their great 
potential to make large area and flexible solar panels through low-
cost solution-coating methods.1-6 In BHJ polymer solar cells (PSCs), 
the active layer typically incorporates a conjugated polymeric donor 
and a polymeric or small molecular acceptor materials.7-9 Most high-
performance PSCs are fabricated with a thin active layer with a 
thickness of around 100 nm due to the relatively low carrier 
mobilities of the organic semiconductors. As the active layer 
thickness of the PSCs increases, the probability of charge 
recombination also increases, resulting in a reduced fill factors (FF) 
and consequently inferior photovoltaic performance.10-15 Although 
thin-film PSCs are promising for lowering production costs, it is 
challenging to fabricate reproducible PSCs with precise control over 
commercialization processes. For large area and high-speed roll-to-
roll printing, increasing the thickness of the active layer would not 
only absorb more solar radiation and produce higher photocurrent, 
but also be more tolerant of thickness variation for high quality or 
yield control of PSC products. Therefore, to pursue thickness-
insensitive photovoltaic devices via a facile method is of great 
importance for large-scale production of PSCs. 
Substantial progress in PCE has been achieved in thick-film 
polymer-fullerene PSCs mainly due to extensive efforts in improving 
and developing the thickness-insensitive devices for photoactive 
layers over 200 nm. In 2005, the Yang group fabricated a polymer-
based photovoltaic device that consisted of P3HT: PCBM (1:1) with 
an active layer thickness of 210-230 nm and a very high FF of 67.4% 
and a PCE of 4.4%.16 Subsequently, the You group reported the first 
successful application of fluorine to a donor–acceptor conjugated 
polymer, PBnDT-DTffBT, which exhibited exceptional performance 
(7.2% for a PBnDT-DTffBT/PC61BM-based device with a 190 nm thick 
active layer) in BHJ solar cells.17 Recently, Yan and co-workers 
developed a favorable polymer: fullerene morphology (containing 
highly crystalline and small polymer domains) in high-performance 
thick-film PSCs (250-300 nm) for multiple polymer: fullerene 
combinations.  All devices yielded PCEs over 9.5% and the best 
combination achieved a PCE of 10.8% and fill factors up to 77%.18 As 
demonstrated, more and more studies of thick film PSCs are focused 
on the conventional BHJ active layer based on a semi-crystalline 
polymer donor and a fullerene derivative acceptor.16-26 However, 
there is a lack of a simple and effective processing method to 
improve thickness insensitivity in non-fullerene PSCs.  
At present, the photovoltaic performance of PSCs based on non-
fullerene acceptors has surpassed the traditional fullerene-based 
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PSCs.27-36 Compared with fullerene acceptors, non-fullerene 
acceptors have attracted much attention because of their 
outstanding absorption properties, easily tunable energy levels, and 
promise for compatibility with high-throughput roll-to-roll 
printing.37-42 However, the majority of fullerene-free PSCs have 
optimum PCEs with active layer thicknesses of 100 nm or less. For 
example, our group demonstrated PBDB-T: ITIC-based fullerene-free 
PSCs with outstanding PCEs of up to 11.21%, and the optimal 
thickness is 100 nm.43, 44 Our group also rationally designed a new 
non-fullerene acceptor (IT-M in Figure 1) with superior photovoltaic 
performance. For the PBDB-T: IT-M devices, the highest PCE among 
single-junction laboratory-scale PSCs was 12.05%. 5 Importantly, the 
Li group fabricated a non-fullerene PSC with a high PCE of 11.77% by 
using m-ITIC as an acceptor and a medium band gap conjugated 
polymer, J61, as a donor, and the performance showed less thickness 
dependence.45 As has been demonstrated in earlier studies, most of 
the record-performing non-fullerene PSCs were obtained at an 
optimal thickness of ~100 nm, while the thickness-dependent 
behavior of nonfullerene PSCs have not been well studied and 
explored in terms of molecular packing, mesoscale morphology, and 
charge transport. Thus, it is very important and meaningful to 
develop a simple morphology optimization method which could 
maintain high PCEs across a range of film thickness in the non-
fullerene PSCs. 
In this contribution, we present thermal annealing as a simple 
morphology optimization method to promote the device 
performance of thick-film non-fullerene PSCs. These devices are 
based on PBDB-T (poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-
2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-
thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-
c’]dithiophene-4,8-dione))]): IT-M and a regular device 
configuration of ITO (indium tin oxide)/PEDOT: PSS/PBDB-T: IT-
M(1:1, w/w)/PFN-Br/Al (see Figure 1a and 1b). Encouragingly, a 
high PCE of up to 9.37% was achieved (82% of the optimum 
value at ~100 nm) with an active layer thickness of ~250 nm. 
Moreover, PBDB-T: IT-M devices still reach a PCE of nearly 9% 
(77% of the optimum value) when the thickness of the active 
layer is close to 400 nm. Detailed morphology and charge 
transport studies suggest efficient charge transport, ordered 
packing and relatively high domain composition variations in 
non-fullerene systems collectively afford such high PCEs in 
thick-film devices after thermal annealing. Our findings indicate 
that the formation of efficient photovoltaic blends with a thick 
active layer is not limited to fullerene-based systems. Our 
morphology control approach sould be applicable to other 
polymer: non-fullerene systems to fabricate nearly thickness-
insensitive devices. 
 
Figure 1. a) Chemical structures of PBDB-T and IT-M; b) Device 
configuration of non-fullerene PSCs; c) J-V curves of as-cast PBDB-
T:IT-M devices as a function of active layer thickness. 
Results and discussion 
Annealing promotes ordering 
We first examined the characteristics of devices that were prepared 
with PBDB-T: IT-M with varying active layer thickness. The current 
density-voltage (J-V) curves under the illumination of AM 1.5G 100 
mW/cm2 are shown in Figure 1c. The thick-film devices show a 
dramatic reduction in both FF and PCE compared to the control 
devices (~100 nm active layer). For roll-to-roll solution-processing of 
BHJ PSCs, a large loss of photovoltaic performance resulting from 
thick active layers would be unfavourable. Ultraviolet–visible (UV–
vis) absorption spectra of as-cast and annealed films are presented 
in Figure 2. In comparison to the as-cast devices, the absorption 
spectra of thermally annealed devices show a slight red-shift. 
Moreover, a significant increase in the intensity of the characteristic 
absorption peak (∼700 nm) of IT-M is observed for the annealed 
blend films, indicating that thermal annealing most likely influences 
the ordering of the small molecule acceptor in this blend system. 
Therefore, we introduce thermal annealing as a simple method for 
the morphology optimization of the PBDB-T: IT-M films. 
 
Figure 2. UV-vis absorption spectra of as-cast and annealed PBDB-T: 
IT-M blend films with a thickness of ~250 nm. 
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To study the thickness dependence of the photovoltaic performance 
of PBDB-T:IT-M-based non-fullerene PSCs, we fabricated the devices 
under optimal processing conditions while varying the thickness of 
the active layer. A regular device configuration of ITO (indium tin 
oxide)/PEDOT: PSS/PBDB-T: IT-M (1:1, w/w)/PFN-Br/Al was utilized 
in this work. The active layers with different thickness were prepared 
in two varieties: as-cast and post-cast thermally annealed. The 
processing parameters such as D/A ratio (w/w), additive ratio (v/v), 
spin coating rate were systematically investigated to obtain the 
optimal device performance based on PBDB-T:IT-M system. Here, 
chlorobenzene was selected as host solvent to fabricate thick-film 
PSCs with an optimal D/A ratio of 1:1 and 1% (vol) of 1,8-diiodoctane 
as the additive. The photovoltaic performances of the thick-film PSCs 
were measured under illumination of AM 1.5G simulated solar light 
at 100 mW/cm2 and the detailed photovoltaic parameters are 
summarized in Table 1. The corresponding J-V curves are shown in 
Figure 4a and Figure S1.  As shown in Figure 3, the PCE and FF values 
of as-cast and annealed devices are plotted as a function of the 
thickness of the active layer. Among the device parameters, we 
noticed the significant loss in PCE for thick-film devices is mainly due 
to a large drop in the FF. For instance, the FF is significantly decreased 
by ~1/3 in the as-cast devices when the thickness of the active layer 
increases from ~100 nm to ~250 nm. After the thermal annealing 
treatment, the thickness dependence of the PCE and FF for the 
annealed devices is reduced relative to the as-cast devices.  
We examined ~250 nm-thick non-fullerene devices to amplify 
the morphology-performance relations, as the best-performing 
thick-film (over 200 nm) devices were achieved at a thickness of ~250 
nm (see Figure 4a). With thermal annealing (100 oC), the thick-film 
PSCs based on PBDB-T: IT-M displayed a Voc of 0.95 V, a Jsc of 18.13 
mA/cm2, and a FF of 0.54, yielding a high PCE of 9.37%. While for the 
as-cast devices without thermal annealing, the thick-film PSCs 
showed a lower PCE of 6.73% along with a decreased Voc of 0.92 V, a 
Jsc of 16.60 mA/cm2, and a low FF of 0.44. Furthermore, we fabricated 
thick-film PSCs with a larger device area of 1.00 cm2, and the 
photovoltaic parameters of the best device shows a Voc of 0.93 V, a 
Jsc of 17.4 mA/cm2, and a FF of 0.51, resulting in a PCE of 8.28% (see 
Figure S3).  The external quantum efficiency (EQE) curves of the two 
thick-film PSCs are displayed in Figure 4b. Clearly, the thermally 
annealed devices show higher EQE values in the wavelength region 
of 300–750 nm, which is consistent with their higher Jsc. To 
understand the charge recombination of the thick-film PBDB-T:IT-M-
based devices, we measured the dependence of Jsc as a function of 
light intensity (Plight) (Figure 4c). Generally, a linear dependence of 
log (Jsc) and log (Plight) with a slope close to 1 suggests weak 
bimolecular recombination in the PSCs, whereas a slope far less than 
1 indicates partial loss of charge carriers due to bimolecular 
recombination between free holes and electrons during charge 
transport. Compared with the as-cast device, the fitted slope (S) of 
annealed device is almost the same (0.97) within the experimental 
error.46, 47 These results suggest that bot as-cast and annealed thick-
film PBDB-T: IT-M based PSCs have similar charge recombination 
behavior. The exciton dissociation probabilities (Pdiss) of these two 
kinds of devices were measured and analyzed by the curves of photo-
generated current density (Jph) versus effective voltage (Veff). As 
shown in Figure 4d, under short-circuit conditions, according to the 
equation Pdiss = Jph/Jsat (Jsat represents the saturation photocurrent 
density), the exciton dissociation probability was calculated to be 
90.71% for as-cast devices and 91.9% for the thermally annealed 
devices. This means PBDB-T: IT-M based devices with thermal 
annealing are more beneficial for exciton dissociation and charge 
creation.   
 
Figure 3. Plots of PCE (a) and FF (b) as a function of the active layer 
thickness for PBDB-T/IT-M BHJ solar cells under different conditions 
(as-cast and thermal annealing).   
To further explore the influence of thermal annealing on the 
charge transport properties of thick films, the space-charge-limited 
(SCL) hole and electron mobilities were measured with a device 
structure of ITO/PEDOT: PSS /active layer/Au and ITO/ZnO/active 
layer/Al, respectively.48 As shown in Figure S4, the hole mobility (μh) 
and electron mobility (μe) of PBDB-T/IT-M based as-cast devices are 
1.87 ×10-4 cm2V-1s-1 and 1.22 ×10-4 cm2V-1s-1 with μh/μe of 1.53. In 
contrast, the devices with thermal annealing exhibit higher hole and 
electron mobilities (2.74 × 10-4 cm2V-1s-1 and 2.06 × 10-4 cm2V-1s-1 with 
μh/μe of 1.33). We also found that the electron mobility of pure 
acceptor was significantly increased from 2.17×10-5 cm2V-1s-1 to 
2.20×10-4 cm2V-1s-1 after thermal annealing. The higher carrier 
mobility in the active layer of annealed devices relative to as-cast 
devices resulted in the higher Jsc value for the corresponding PSCs. In 
contrast with fullerene-based thick-film devices, non-fullerene 
systems commonly show a reduction in charge carrier mobilities of 
almost one or two orders of magnitude.49-51 Here, we interpret these 
results as following: the improved carrier transport helps alleviate 
the accumulation of photo-generated carriers in thick-film devices, 
which decreases the probability of carrier recombination and 
consequently enhances the carrier collection efficiency.52-54  
It is known that thicker films can enhance light absorption, while 
we still cannot achieve higher PCE due to the decrease of the FF when 
the active layer thickness is over 100 nm.55, 56 Due to the increased 
carrier diffusion length, more and more charge recombination will 
occur in the active layer. Presently, PSC systems still face a severe 
challenge to achieve efficient charge carrier transport and suppress 
recombination in thick-films. For thick-film non-fullerene PSCs based 
on PBDB-T:IT-M, thermal annealing can obviously maintain 
reasonable good FF and enhance the Jsc as the active layer thickness 
increased up to 400 nm. (See Figure S1).  In contrast, as shown in 
Table S1, the photovoltaic performance of the as-cast devices 
decreased with the increase of active layer thickness. Our results 
suggest that thermal annealing is a good candidate as a processing 
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step to improve thickness-insensitivity for the large area and high-
speed roll-to-roll production of non-fullerene PSCs. 
Surface Morphology and Molecular Packing for thick-films 
To understand the morphology in real-space, we used tapping-mode 
atomic force microscopy (AFM) and transmission electron 
microscopy (TEM) to analyze the annealed and as-cast thick-film 
(~250 nm) devices. According to the AFM results (see Figure 5a and 
5b), the two blend films show very similar surface topography, and 
the root-mean-square roughness (Rq) values of the two films are 1.93 
nm and 2.11 nm, respectively. As shown in the AFM phase images 
(Figure S5) of the two blend films, features of phase separation are 
clearly observed. In the TEM measurements, the two films also 
exhibit phase-separated morphologies (see Figure S6), which may be 
advantageous for realizing efficient exciton dissociation in the 
device. Based on the AFM and TEM observations, we were not able 
to quantitatively compare the length scale of phase separation 
between as-cast and annealed thick-film devices. Considering that 
AFM cannot reflect the bulk structure and morphology of the active 
layers in detail, we further analyzed thin films with synchrotron 
radiation-based techniques including grazing incidence wide-angle X-
ray scattering (GIWAXS) and resonant soft X-ray scattering (R-SoXS). 
GIWAXS and R-SoXS were performed at beamlines 7.3.3 and 
 
Figure 4. The best-performing thick-film PBDB-T/IT-M solar cells for as-cast and annealed devices: a) J−V curves; b) EQE curves; c) Plot of 
JSC vs light intensity; d) Jph versus Veff plots.  
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Table 1. Statistical data of as-cast devices and photovoltaic properties of annealed PBDB-T/IT-M (1:1) based BHJ solar cells fabricated 
with different active layer thicknesses. 
Conditions Voc (V) Jsc (mA/cm2) FF (%) PCEa (%) Thickness (nm) 
As-cast 0.924±0.01 16.60±0.16 0.44±0.02 6.59±0.14 (6.73) 240 
Annealed 0.930±0.01 9.90±0.23 0.68±0.01 6.15±0.13 (6.28) 50 
0.961±0.01 16.69±0.13 0.70±0.02 11.34±0.16(11.50) 100 
0.940±0.01 18.17±0.20 0.55±0.03 9.13±0.22 (9.35) 225 
0.948±0.01 18.13±0.17 0.54±0.03 9.14±0.23 (9.37) 250 
0.943±0.01 18.44±0.15 0.54±0.01 9.15±0.17 (9.32) 305 
0.942±0.01 18.66±0.12 0.51±0.02 8.80±0.10 (8.90) 390 
a  The reported data are the average PCEs from ten devices.  
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11.0.1.2, respectively, at the Advanced Light source (ALS), Lawrence 
Berkeley National Lab. 
  GIWAXS was used to investigate the molecular packing and 
crystalline texture in the thick films with and without thermal 
treatment.57 From the 2D patterns and 1D line profiles (see Figure 
5c-5d and Figure S7), the annealed thick-film shows a slightly higher 
scattering intensity although the features/peaks in out-of-plane 
(OOP) directions in both as-cast and annealed films are very similar. 
The π-π coherence length in the OOP direction is a key measure of 
ordering in organic semiconductor materials and often related to 
charge transport in devices. We note that the OOP (010) peaks of the 
donor and acceptor have some overlap, and we deconvoluted the 
individual contributions via multi-peak fitting with Gaussian peaks. 
 
Figure 5. Tapping mode AFM topography of PBDB-T/IT-M based 
thick-film devices with (a) annealing treatment and (b) as-cast 
treatment; c,d) 2D GIWAXS patterns of as-cast and annealed PBDB-
T:IT-M thick-films (~250 nm). 
 
Figure 6. Thickness normalized and Lorentz-corrected R-SoXS profiles 
of the as-cast and annealed PBDB-T: IT-M thick-films. 
We find that both of the OOP π-π coherence lengths of the small 
molecular acceptors (SMAs) (LA) and the polymer donor (LD) are 
increased after annealing (see Table 2). We rationalized that thermal 
annealing provides sufficient driving forces for the polymer and SMA 
molecules to reorganize. The change of molecular ordering upon 
annealing is schematically shown in Figure S8. It is expected that 
charge transport improves with increasing π-π coherence length. 
Therefore, the improved OOP π-π coherence lengths of SMA 
indicates the higher ordering of SMA in the thick film after thermal 
annealing. This may be a key factor that partially contributes to 
higher Jsc and FF. This observation also agrees well with our recent 
studies58. 
Bulk Morphology for thick-films 
Resonant soft X-ray scattering (R-SoXS) was applied to analyze the 
domain spacing and average composition variation (average domain 
purity) of the thick-films. The soft X-ray energy was tuned between 
270 and 300 eV in transmission R-SoXS experiments. Here, we select 
an X-ray energy of 283.8 eV to enhance the material contrast. From 
the scattering profiles plotted in Figure 6, the two blends films 
exhibit similar length-scale features and a long period (center-to-
center domain spacing) of ~50 nm was obtained under the 
assumption of a globally isotropic 3D morphology. Following our 
previous analysis59, 60, the average composition variation (ACV) of an 
organic blend film is proportional to the square-root of the 
normalized integrated scattering intensity (ISI). Thus, ISI is a measure 
of the average domain purity over the full q range probed. Here, we 
found that the relative domain purity is improved by 4.2% after 
annealing. A higher domain purity can aid efficient charge creation61 
and improve the device FF. Recently, we found that the PBDB-T: IT-
M system is likely62 a lower critical solution temperature (LCST) 
system (interaction parameter χ scales with -1/T). Here, this 
inference is verified experimentally by explicit miscibility 
measurements following previously established protocols63 (see 
Figure S9). We note that annealing at ~150 ˚ C is a temperature where 
the residual IT-M in the mixed polymer-rich domains is ~24% and 
thus close to the percolation threshold64, a composition that is likely 
optimal in terms of the balance between charge creation (Jsc) and 
charge recombination (FF).  
Table 2. Morphological parameters of as-cast and annealed PBDB-
T/IT-M devices with thick-films (~250 nm). 
Blends 
LD 
(nm) 
LA 
(nm) 
Long 
Period 
(nm) 
Relative 
ACV 
As-cast 1.79 3.29 51.1 0.96 
Annealed 1.89 3.74 53.5 1 
Generally, higher χ parameter enables larger average domain purity 
and higher scattering intensity. Therefore, a higher processing 
temperature may induce a higher domain purity compared to as-cast 
devices processed at room temperature.5 In addition, the strong 
relation observed here is in line with the FF-ACV correlations shown 
in our prior studies of thin-film devices60, 62, 65. These studies suggest 
optimizing the molecular ordering and average composition 
variation is key to achieving high-efficiency in non-fullerene PSC 
devices. 
Conclusions 
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In summary, we have systematically studied the molecular ordering, 
mesoscale morphology, and charge recombination in thick-film non-
fullerene PSCs based on a high-performance PBDB-T/IT-M system. 
We found thermal annealing can be very useful to boost the 
performance of thick-film PBDB-T/IT-M devices. A high PCE of 9.37% 
was obtained from PBDB-T: IT-M devices with a film thickness of 250 
nm and the devices can maintain a high efficiency of ~9% when the 
thickness of the active layer is increased to 400 nm. UV-vis 
absorption, SCLC mobility, and morphology studies show that the 
electron mobility of IT-M becomes higher and the blend films possess 
more ordered packing and higher average domain purity after 
thermal annealing. Consequently, these factors improve the charge 
creation and transport, and thus lead to improved thickness 
insensitivity of device performance. We note that the photovoltaic 
performance in our thick-film devices is still limited by the carrier 
mobility. It will be more advantageous to improve the efficiency of 
thick film devices if the carrier mobility is improved via future 
molecular design and device engineering. These results reveal the 
critical morphological parameters that determine photovoltaic 
performance in thick-film devices. This work highlights the 
importance of controlling molecular ordering and phase separation 
in achieving high-efficiency thick-film non-fullerene PSC devices, 
which will be beneficial for commercial roll-to-roll printing 
technology. 
Experiments 
Fabrication of the polymer solar cells 
PBDB-T35 and IT-M5 were synthesized as described in our previous 
works. The PSCs devices were fabricated with a traditional device 
configuration of ITO (indium tin oxide)/PEDOT:PSS/PBDB-T:IT-M (1:1, 
w/w)/PFN-Br/Al. At first, the ITO-coated glass substrates were 
cleaned sequentially by using detergent, deionized water, acetone, 
and isopropanol. Then UV/ozone treatment was performed on the 
ITO glasses for 20 minutes. A thin layer (nearly 30 nm) of poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) 
(Heraeus Materials, 4083) was spin coated onto the cleaned ITO 
surface, and the ITO substrates were annealed in air at 150 oC for 15 
minutes. The active-layer solution of PBDB-T: IT-M (1:1, wt/wt) were 
prepared in chlorobenzene, and the solution was stirred on a hot 
plate at 40 oC for at least 5 h. The concentration of PBDB-T: IT-M 
blend solution concentration (based on the weight of the polymer) 
was 10 mg/mL. 1% vol solvent additive (1, 8-diiodoctane) was added 
into the blend solution before the spin coating process. After spin 
coating the active layer on to the PEDOT: PSS, the devices adopted 
two different processing method (with and without thermal 
annealing) to optimize the morphology of the blend films. Next, a 5 
nm thin PFN-Br was spin-coated on the top of the active layer. Then, 
the device fabrications were completed by vacuum evaporating Al 
metal electrode. Except for the spin coating of PEDOT: PSS, the other 
processes was conducted inside the glove box under the condition of 
nitrogen atmosphere.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
Device Measurements 
The device current–voltage curves were measured under AM 1.5G 
(100 mW/cm2) using a Class AAA solar simulator (XES-70S1, SAN-EI 
Electric Co., Ltd). The light intensity was calibrated to obtain spectral 
mismatch to unity via a standard photovoltaic cell (with a KG5 filter). 
The effective area of devices is 4.03 mm2, which is defined by using 
the metal mask aligned with an aperture. All EQE data were 
measured by using a solar cell spectral response measurement 
system (QE-R3011, Enli Technology Co. Ltd), which was equipped 
with a standard silicon solar cell. The film thickness data were 
determined using a surface profilometer (Dektak XT, Bruker). The 
SCLC measurements for PBDB-T: IT-M devices were measured in the 
configuration of ITO/PEDOT: PSS /active layer (200 nm)/Au for hole-
only devices and ITO/ZnO/active layer (200 nm)/Al for electron-only 
devices. The light-dependent tests for PBDB-T: IT-M devices were 
measured by inserting neutral density filters to tune the light 
intensity during J-V testing. The nanoscale morphology of blend films 
was measured by using Veeco Nanoscope V atomic force microscopy 
(AFM) in tapping mode. The transmission electron microscopy (TEM) 
characterization was carried out using a JEOL 2200FS instrument 
with an accelerating voltage of 160 kV. All film samples were spin cast 
on PEDOT:PSS coated indium tin oxide (ITO) substrates. 
X-ray scattering measurements 
The GIWAXS66 and near edge X-ray absorption fine structure 
spectroscopy (NEXAFS)67 experiments were respectively done at 
beamline 7.3.3 and 5.3.2.2 at the ALS. Resonant soft X-ray scattering 
(R-SoXS)68 was performed in transmission geometry with linearly 
polarized photons under high vacuum (1×10-7 Torr) at beamline 
11.0.1.2 at the Advanced Light Scattering (ALS), and the scattering 2D 
images were recorded by an in-vacuum cooled (-45 oC) CCD detector 
(Princeton Instruments, PI-MTE, 2048 pixels×2048 pixels). 
Azimuthally averaged 1-D I(q)-q profiles can be obtained by the 
reduction of 2D images using a custom Nika analysis package 
implemented within Igor and subsequently normalized for the 
instantaneous X-ray flux.  
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